Abstract: Antigen-antibody binding is regarded as one of the most representative examples of specific molecular recognition in nature. The simplistic view of antigenic recognition in terms of a lock-and-key mechanism is obsolete, as it is evident that both antigens and antibodies are flexible and can undergo substantial mutual adaptation. This flexibility is the source of complexities such as degeneracy and nonadditivity in antigenic recognition. We have used surface plasmon resonance to study the effects of combining multiple amino acid replacements within the sequence of the antigenic GH loop of foot-andmouth disease virus. Our aim was 2-fold: to explore the extent to which antigenic degeneracy can be extended in this particular case, and to search for potential nonadditive effects in introducing multiple amino acid replacements. Combined analysis of one such multiply substituted peptide by SPR, solution NMR and X-ray diffraction shows that antigenic degeneracy can be expected as long as residues directly interacting with the paratope are conserved and the peptide bioactive folding is unaltered. Although the first and last replacements are located at each end of the loop, not in close contact with the antibody (22), the other three are at positions known to be directly involved in antibody recognition. Each of these three replacements is also remarkable because of its nonconservative character: Phe is much larger than Ala; Pro is a known disrupter of secondary structure, which Ala is not; finally, the Gly 142 R Ser mutation affects the highly conserved RGD motif. Studying the effect that every possible combination of these five mutations has on antigenicity provides a feasible way to explore the relative limits of antigenic degeneracy at this particular site. In addition, previous evidence of positive nonadditivity in multiple substitutions within the GH loop (10,13,16-18) encouraged us to look for possible synergistic effects in the simultaneous combination of these amino acid replacements. Therefore, we analyzed the 31 peptides (Table 1) corresponding to the combination of the five mutations by surface plasmon resonance (SPR) (25,26) against three anti-GH loop mAbs with epitope specificities outlined in 
Antigen-antibody binding is regarded as one of the most representative examples of specific molecular recognition in nature (1) . The exquisite specificity of immune reactions is not only one of the pillars of host defense, but also the basis for many helpful therapeutic and biotechnological applications. The early, simplistic view of antibody-antigen interactions taking place via lock-and-key mechanisms (2) is inaccurate, as both antigens and antibodies are known to be flexible and able to undergo considerable mutual adaptation (3, 4) . Because epitope-paratope recognition operates at the atomic rather than at the amino acid residue or sequence level (5-7), a given epitope can be recognized by antibodies devoid of sequential homology in their paratopes (8) and, conversely, an antibody can recognize different epitopes (e.g. peptides) that share little or no sequential similarity (9) . An additional example of complexity in antigenantibody recognition is the occasional observation of nonadditivity, i.e. full recognition of multiple mutants combining deleterious replacements or vice versa (10) .
In our work with foot-and-mouth disease virus (FMDV) (11, 12) , we have encountered examples of a relatively broad recognition of variant peptides by antibodies (10, (13) (14) (15) (16) (17) (18) .
These peptides were based on the main antigenic site of FMDV, termed site A, located on the highly flexible GH loop defined by residues 136-150 of the capsid protein VP1 in FMDV isolate C-S8c1 (19) . This loop is effectively mimicked by peptide A15 (YTASARGDLAHLTTT), which has been used in several studies on antigenic structure of this viral site (13, (20) (21) (22) Although the first and last replacements are located at each end of the loop, not in close contact with the antibody (22) , the other three are at positions known to be directly involved in antibody recognition. Each of these three replacements is also remarkable because of its nonconservative character: Phe is much larger than Ala; Pro is a known disrupter of secondary structure, which Ala is not; finally, the Gly 142 R Ser mutation affects the highly conserved RGD motif. Studying the effect that every possible combination of these five mutations has on antigenicity provides a feasible way to explore the relative limits of antigenic degeneracy at this particular site. In addition, previous evidence of positive nonadditivity in multiple substitutions within the GH loop (10, 13, (16) (17) (18) encouraged us to look for possible synergistic effects in the simultaneous combination of these amino acid replacements. Therefore, we analyzed the 31 peptides (Table 1) corresponding to the combination of the five mutations by surface plasmon resonance (SPR) (25,26) against three anti-GH loop mAbs with epitope specificities outlined in 
Results

Peptides
Thirty-three 15-residue peptides (Table 1) were synthesized, one representing site A of FMDV C-S8c1 (A15), another as 
Solution affinity SPR analysis
The viability of direct kinetic biosensor analysis of the interactions between immobilized anti-FMDV mAbs and soluble 15-residue peptides has been previously demonstrated (14, 15, 17, 18, 28) . In this study, however, most interactions could not be described kinetically, because of high association rates, extremely slow dissociation rates or incomplete surface regeneration (not shown). Deviations Affinity data SPR screening of the substituted peptides showed the one-point mutants to be closely equivalent in terms of antigenicity (Table 2) . Nonetheless, Ala 138 R Phe and Gly 142 R Ser replacements negatively affected recognition by mAb SD6; the second replacement, which involves the RGD motif, was also disfavored by the other two mAbs.
The involvement of Ala 138 in peptide-SD6 complexes (22) and the important role of the RGD triplet are both in agreement with previous observations (21, 22, 32, 33) . However, all mAbs were fully reactive with Thr 137 R Ile and 
Discussion
Anti-GH loop mAbs have previously been reported to display higher than expected reactivities towards multiply substituted FMDV peptides (10, 13) . This positive nonadditivity has been attributed to peptide folding properties, where less favorable conformational effects caused by a given amino acid replacement could be compensated by introduction of additional residue substitutions, leading to the recovery of the bioactive folding pattern (Fig. 5A) 
Materials and methods
Peptide synthesis and purification
Peptides (Table 1) were prepared as C-terminal carboxamides using solid-phase methods in an AMS 422 multiple peptide synthesizer (Abimed, Germany) using a. Peptide abbreviated names are presented, with only the single-letter codes of the mutated residues being shown; full peptide sequences are displayed in Table 1 ; b. As depicted in Fig. 2 , binding of negative control peptide (A15Scr) to mAbs could not be detected; c. K i (association binding constants) calculated from experimental data (inhibition curves as depicted in IF  IP  IS  II  FP  FS  FI  PS  PI  SI  IFP  IFS  IFI  IPS  IPI  ISI  FPS  FPI  FSI  PSI  IFPS  IFPI  IFSI  IPSI Fab-peptide mixtures were allowed to re-equilibrate at 258C, prior to injection on the A15 surface for Fab quantitation.
Free Fab dependence on peptide concentration was plotted and the affinity binding constant K i was calculated using the Cheng & Prusoff's formula (31):
where IC 50 is the concentration of peptide competitor giving a 50% decrease in Fab concentration and K A is the immobilized peptide A15-antibody affinity previously measured by direct kinetic SPR analysis (14, 15, 17, 18 ). 
